INTRODUCTION {#s1}
============

Breast cancer is the most common cancer among European and North American women \[[@R1]\]. Clinical data suggest that adjuvant radiotherapy, which decreases loco-regional recurrence rates and increases survival, might play an important role in early breast cancer treatment \[[@R2]--[@R5]\]. As an increasing number of women become long-term survivors of breast cancer, more research on radiation-induced secondary cancer is needed \[[@R6]\]. Several studies have reported a positive correlation between radiotherapy for breast cancer and the risk of secondary malignancies \[[@R2], [@R7]--[@R9]\]. Additionally, radiotherapy in normal tissue is still required for long-term survivors of breast cancer, although the absolute risks associated with this treatment are relatively small.

Breast-conserving therapy (BCT), a safe and standard procedure, is currently used in early-stage breast cancer patients. Compared to radical mastectomy alone, BCT in combination with whole breast irradiation (WBI) improves local disease control as well as overall survival \[[@R10], [@R11]\]. By reducing the irradiation field to the quadrant in which the carcinoma arose, partial breast irradiation (PBI), which involves a larger dose of adjuvant therapy after BCT, provides an alternative to WBI. Trials indicate that PBI is associated with better local control rates and cosmetic outcomes \[[@R12], [@R13]\].

Additional information about the risk of secondary malignancies associated with different PBI techniques, such as intraoperative radiotherapy (IORT), external-beam radiotherapy, and brachytherapy, would allow for better management of local therapy. However, the rarity of secondary malignancies in early-stage breast cancer patients makes such analyses difficult. We therefore conducted a systematic review and meta-analysis to detect meaningful differences between PBI and WBI with a larger sample size and more statistical power.

RESULTS {#s2}
=======

Literature selection and characteristics {#s2_1}
----------------------------------------

The process used to evaluate articles for inclusion is depicted in Figure [1](#F1){ref-type="fig"}. In total, of the 1,082 titles reviewed, 8 randomized controlled trials \[[@R14]--[@R21]\] were identified, and 4 studies \[[@R14]--[@R17]\] involving 2,185 patients were ultimately selected. Characteristics of the included studies are summarized in Table [1](#T1){ref-type="table"}.

![Flowchart depicting the study selection process](oncotarget-07-71951-g001){#F1}

###### Characteristics of included studies

  Study           Enrollment period   Population   Follow-Up (median)   Chemotherapy   Hormone therapy   Both   Radiotherapy   Surgery   T stage   N stage   Grade 3                                                                                        
  --------------- ------------------- ------------ -------------------- -------------- ----------------- ------ -------------- --------- --------- --------- -------------- -------------------- ------------------- ------------------- -------- --------- ----------
  Polgar          1998-2004           128          130                  258            66 m              2      2              87        89        0         3              HDR MI 36.4 Gy/7fx   42-50 Gy/21-25fx    wide excision,      T1-2     N0:249    I-II
  Hungary, 2013                                                                                                                                              or electrons                        negative margins.                       N1-2:9             
                                                                                                                                                                            42-50 Gy/21-25fx                         and/or ALND/SLNB                       
  ELIOT           2000-2007           651          654                  1305           69.6 m            53     47             489       485       84        96             21 Gy/1fx            50 y/25fx +         wide excision       T1-2     N0:949    I-II:989
  Italy, 2013                                                                                                                                                               IORT                 boost (10 Gy/5fx)   or quadrantectomy            N1:276    III:274
                                                                                                                                                                            Electrons                                and SLNB or ALND             N2-3:69   
  Rodriguez       /                   51           51                   102            60 m              1      2              50        51        nc        nc             37.5 Gy/10fx         48 Gy/24fx +/−      breast-conserving   T1-2     N0        I-II
  Spain, 2013                                                                                                                                                               twice daily          boost (10 Gy/5fx)   surgery                                
                                                                                                                                                                            3D-CRT                                                                          
  Livi            2005-2013           260          260                  520            60 m              5      3              155       162       7         20             30 Gy/5fx            50 Gy/25fx +        wide excision or    Tis-2    N0:445    I-II:461
  Italy, 2015                                                                                                                                                               IMRT                 boost (10 Gy/5fx)   quadrantectomy.              N1-3:75   III:59
                                                                                                                                                                                                                     clear margins                          

Abbreviations: PBI=partial breast irradiation; WBI=whole breast irradiation; HDR MI=High-dose-rate multicatheter interstitial; IMRT=intensity-modulated radiotherapy;

IORT=intraoperative radiotherapy; 3D-CRT=3D conformal external beam radiotherapy; ALND=axillary lymph node dissection; SLNB=sentinel lymph node biopsy.

Quality assessment {#s2_2}
------------------

The methodological quality of the included studies was assessed independently by two reviewers and is presented in Table [2](#T2){ref-type="table"}. Patients and/or outcome assessors were not blind to experimental conditions, indicating an obvious risk of bias in the included studies. Nevertheless, two studies \[[@R15], [@R17]\] had a low risk of bias; risk of bias was unclear for the other two studies \[[@R14], [@R16]\].

###### Methodology quality assessment

  Items                                        Polgar   ELIOT   Rodriguez   Livi
  -------------------------------------------- -------- ------- ----------- ------
  1\. Random sequence generation               √        √       √           √
  2\. Allocation concealment                   √        √       √           √
  3\. Blinding of participants and personnel   ×        ×       ×           ×
  4\. Blinding of outcome assessment           ×        ×       ×           ×
  5\. Incomplete outcome data addressed        √        √       √           √
  6\. Selective reporting                      ?        √       √           √
  7\. Free of vested interest bias             √        √       √           √
  8\. Free of baseline imbalance               √        √       √           √
  9\. Free of early stopping bias              ×        √       √           √
  10\. Free of expertise bias                  ?        √       √           √

Note: √ = yes; × = no; ? = not clear

Contralateral breast cancer {#s2_3}
---------------------------

All four studies reported contralateral breast cancer occurrences within 5 years, and one study \[[@R14]\] also reported 10-year contralateral breast cancer outcomes. Compared to WBI, the pooled OR of contralateral breast cancer for PBI was 0.86 (95% confidence interval (CI) 0.31--2.42; *p* = 0.78) after 5 years (Figure [2](#F2){ref-type="fig"}) and 1.15 (95% CI 0.43--309; *p* = 0.78) after 10 years (Figure [3](#F3){ref-type="fig"}). Meta-analysis revealed a similar risk of contralateral breast cancer between the PBI and WBI groups, with significant heterogeneity across the four trials (*p*(Q) = 0.13, I ^2^ = 56.0%).

![Pooled odds ratios for contralateral breast cancer within 5 years of partial versus whole breast irradiation](oncotarget-07-71951-g002){#F2}

![Pooled odds ratios for contralateral breast cancer within 10 years of partial versus whole breast irradiation](oncotarget-07-71951-g003){#F3}

Secondary non-breast cancer {#s2_4}
---------------------------

Two studies \[[@R15], [@R16]\] reported secondary non-breast cancers within 5 years, and one study \[[@R14]\] also reported 10-year secondary non-breast cancer outcomes. The pooled OR of secondary non-breast cancer was 0.91 (95% CI 0.49--1.67; *p* = 0.77) after 5 years (Figure [4](#F4){ref-type="fig"}) and 1.20 (95% CI 0.39-- 3.66*; p* = 0.75) after 10 years (Figure [5](#F5){ref-type="fig"}) for PBI compared to WBI. Meta-analysis revealed a similar risk of secondary non-breast cancers between the PBI and WBI groups.

![Pooled odds ratios for secondary non-breast cancer within 5 years of partial versus whole breast irradiation](oncotarget-07-71951-g004){#F4}

![Pooled odds ratios for secondary non-breast cancer within 10 years of partial versus whole breast irradiation](oncotarget-07-71951-g005){#F5}

Impact of latency {#s2_5}
-----------------

Risks of contralateral breast cancer (four studies \[[@R14]--[@R17]\], OR = 0.86, 95% CI 0.31--2.42; *p* = 0.78) and secondary non-breast cancer (two studies \[[@R15], [@R16]\], OR = 0.91, 95% CI 0.49--1.67; *p* = 0.77) were similar between PBI- and WBI-treated patients at the 5-year follow-up. Similar results were obtained when analysis was restricted to the study with the 10-year follow-up \[[@R14]\]; the ORs were 1.20 (95% CI 0.39--3.66; *p* = 0.75) for secondary non-breast cancer and 1.15 (95% CI 0.43--3.09; *p* = 0.78) for contralateral breast cancer.

Impact of treatment techniques {#s2_6}
------------------------------

One of the studies examined \[[@R15]\] reported rates of contralateral breast cancer and secondary non-breast cancer in patients treated by IORT with 21 Gy/1fx. In the second study \[[@R16]\], patients received PBI by 3D-RCT with 37.5 Gy/10fx. In the third study \[[@R17]\], patients received IMRT with 30 Gy/5fx as the PBI treatment. In the final study \[[@R14]\], PBI was administered using interstitial high-dose-rate (HDR) implants with 36.4 Gy/7fx or electron beams with 42--50 Gy/21-25fx. The risk of secondary malignancies compared to WBI was similar for these different PBI techniques.

DISCUSSION {#s3}
==========

Over the last decade, a growing number of new PBI techniques, such as IORT and IMRT, have been applied in clinical practice. In the ongoing effort to improve treatments and disease control rates while reducing treatment-related morbidity, PBI is becoming an increasingly popular radiotherapy method for breast cancer. However, associations between the risk of secondary malignancies and these novel treatment methods need to be evaluated further over longer follow-up periods. Until now, theoretical models have been used to predict the risk of secondary malignancies when these treatments are used. Although it has better dose conformity and target coverage than WBI, PBI can also be administered using 3D-CRT, which has higher out-of-beam doses \[[@R22]\]. This is important because decreased doses in cancer-adjacent tissues is associated with a decreased risk of secondary cancers in other organs. Thus, the risk of secondary cancer may be higher with 3D-CRT than with WBI. Compared to IMRT, the risk of secondary cancer after 3D-CRT was reduced by 34% in a linear model and 50% in linear-exponential and plateau models \[[@R23]\]. This might be a result of low-level radiation exposure in normal tissues, which in turn resulted from the combined effects of the larger number of treatment fields used in IMRT and radiation leakage produced by these modulated fields. Our meta-analysis found no significant differences in risk of secondary malignancies between 3D-CRT/IMRT and WBI for early breast cancer. However, the small number of studies and patients included here may have limited our ability to detect such differences. Moreover, the median follow-up time (5 years) was relatively short, and the 3D-CRT/IMRT techniques used for PBI in the studies examined remain experimental.

IORT, a novel treatment technique, has increasingly been used after BCT to treat early breast cancer. Compared to WBI, IORT reduces peak doses in nearby normal tissues, the size of the irradiation field, and the treatment time \[[@R24]\]. Although higher local recurrence rates were observed in 5-year follow-ups after ELIOT and TARGIT-A treatments \[[@R15], [@R18]\], the absolute risk of local recurrence after IORT is less than that in patients undergoing WBI \[[@R2], [@R25]\]. Additionally, the risk of secondary non-breast and contralateral breast cancer after ELIOT was similar to that observed with PBI and WBI. The risk of secondary malignancies after TARGIT-A treatment was not reported, but the results suggested that IORT reduced mortality due to secondary malignancies compared to WBI \[[@R18]\]. Early breast cancer patients might therefore benefit from IORT treatment rather than WBI, especially when the time period required for WBI and limited access to radiotherapy centers are considered. Additionally, IORT might help a large number of women suitable for BCT to avoid undergoing quadrantectomies or mastectomies \[[@R26]--[@R28]\].

The significant heterogeneity among the four studies examined might result from differences among the WBI groups and the various radiation types administered to the PBI groups. All WBI treatments were delivered using a conventional isocentric tangential two-field technique with a dose of 42--50 Gy/21-25fx. Two studies \[[@R15], [@R17]\] also administered a boost dose of 10 Gy/5fx after WBI. One study \[[@R14]\] did not deliver a boost dose, while the last study \[[@R16]\] delivered an additional 10 Gy/5fx to the tumor bed only in some cases depending on risk factors for local recurrence. Radiation of regional lymph nodes in the WBI groups also differed among the four studies. Heterogeneous radiotherapy techniques were also used in the PBI groups. The PBI group was treated with 36.4 Gy/7fx using multi-catheter interstitial high-dose-rate or with 42-50 Gy/21-25fx by electron beam using 6--15 MeV enface electron fields to the tumor bed and extended to a margin of 2 cm in Polgar *et al*. \[[@R14]\]. In ELIOT \[[@R15]\], the electron intraoperative radiotherapy technique was conducted using two dedicated linear accelerators, and all patients received one full dose of 21 Gy to the tumor bed after tumor removal. Patients received 37.5 Gy/10fx twice daily, separated by at least 6 hours, for 5 consecutive working days via 3D-CRT in Rodriguez *et al*. \[[@R16]\]. In Livi *et al*., a dose of 30 Gy/5fx non-consecutive daily fractions was administered via IMRT. Although the differences in PBI techniques might have contributed to heterogeneity among the studies, the risk of contralateral breast cancer was similar in all studies. This indicated that the pooled OR was stable and reliable.

Four previous meta-analyses have examined the efficiency of PBI compared to WBI for early breast cancer treatment \[[@R13], [@R29]--[@R31]\]. However, only one of these studies assessed the risk of contralateral breast cancer after PBI compared to WBI \[[@R30]\]. Additionally, that meta-analysis included only three randomized trial studies with 5-year follow-ups, a comparative study with a 7-year follow-up, and a matched-pair analysis with a 10-year follow-up. There were no differences in 5-year (OR = 2.82 (95% CI 0.73--10.89, *p* = 0.13)), 7-year (OR = 0.19 (95% CI 0.01--4.00, *p* = 0.28)), or 10-year (OR = 0.48 (95% CI 0.20--1.15, *p* = 0.10)) risk of contralateral breast cancer between PBI and WBI. However, the authors of that study pointed out that the results should be interpreted with caution due to the inclusion of only one randomized controlled trial. We obtained similar results in this meta-analysis, in which we examined 4 RCTs involving a total of 2,185 non-treated breast cancer patients. Contralateral breast cancer rates were similarly low following PBI and WBI; furthermore, no treatment-dependent differences were found after a longer follow-up period. However, none of the studies examined here compared secondary non-breast cancer risks after PBI and WBI.

The following limitations of the present systematic review should be considered when interpreting the results. First, there was a significant risk of bias because researchers and/or outcome assessors were not blind to patient treatments. However, it is unlikely that observations were influenced by the absence of independent assessment, which is not necessarily crucial in this type of intervention. Second, only 4 studies were included in our systematic review, and the risk of secondary malignancies was very low in all of them, perhaps reducing the statistical power of our analysis. In addition, differences among the WBI groups and the specific types of radiation delivered to the PBI groups might contribute to significant heterogeneity among the four studies. Finally, none of the included studies provided information on potential confounding variables which might affect secondary cancer rates, such as smoking status, alcohol consumption, body mass index, and genetic factors. Of particular note is the lack of information on chemotherapy for both the PBI and WBI groups; additionally, the relationship between chemotherapy and risk of secondary malignancies was not examined in the studies.

In conclusion, the risk of secondary malignancies after is similar after PBI and WBI treatment in breast cancer. Compared to rates of other complications associated with breast cancer treatment, the absolute rates of these secondary cancers were quite low. These findings may be helpful for guiding decisions regarding treatment for breast cancer patients.

MATERIALS AND METHODS {#s4}
=====================

Study criteria {#s4_1}
--------------

All randomized controlled trials were eligible; quasi-randomized and non-randomized studies were excluded. Systemic treatments were allowed.

Participants {#s4_2}
------------

Patients in eligible studies were diagnosed with breast cancer by histopathology and treated with BCT and radiotherapy.

Interventions and controls {#s4_3}
--------------------------

PBI treatments were delivered using 3D conformal external beam radiotherapy (3D-CRT), intensity-modulated radiation therapy (IMRT), IORT, or interstitial/intracavitary implants. WBI treatments with or without boost radiotherapy served as controls.

Outcome measures {#s4_4}
----------------

Contralateral breast cancer was the primary outcome, and secondary non-breast cancer was the secondary outcome.

Search methods {#s4_5}
--------------

The MEDLINE, EMBASE, and Cochrane Library databases were searched from inception through December 1, 2015 by two independent investigators without any language restrictions. Searches were conducted using a combination of the free terms 'breast cancer,' 'breast conservation therapy,' 'whole breast irradiation,' and 'partial breast irradiation.' To identify additional relevant studies, the references of the initially identified research and review papers were examined as well.

Study selection {#s4_6}
---------------

Randomized trials were retrieved and assessed to by two independent reviewers. Any controversies were resolved by a third reviewer.

Quality assessment {#s4_7}
------------------

The risk of bias in the included studies was estimated using the tool recommended by the Cochrane collaboration.

Statistical analysis {#s4_8}
--------------------

Pooled estimates are presented as odds ratios (OR) with 95% confidence intervals (95%CI). The Cochran Q test and I^2^ statistics were employed to assess heterogeneity among the studies. For the *Q* test, *p* \< 0.05 indicated the presence of heterogeneity; for I^2^ statistics, I^2^ \> 50% indicated severe heterogeneity. A random-effects model was chosen if significant heterogeneity existed (*p* \< 0.05 or I^2^ \> 50%); otherwise, a fixed-effects model was adopted. Sensitivity analysis was also conducted to further investigate the sources of heterogeneity. A funnel plot was used to assess publication bias. All statistical analyses were performed using STATA version 12.0 (STATA, College Station, TX, USA).
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